Background and Purpose-Experimental studies suggested neurovascular compression of the brain stem as a cause of hypertension. The aim of our prospective study was to investigate the effect of microvascular decompression in patients with severe hypertension with neurovascular compression on blood pressure and central sympathetic nerve activity in the long-term. Methods-Fourteen patients (4 males; mean age, 46Ϯ8 years) with essential hypertension underwent microvascular decompression of the brain stem. Vasoconstrictor muscle sympathetic nerve activity (recorded by microneurography: burst frequency, bursts/min) and blood pressure (24-hour profiles) were investigated before surgery and 7 days, 3 months, and every 6 months postoperatively. 
xperimental data, 1 microanatomical, 2 and MR tomographical studies 3 suggest an association between neurovascular compression (NVC) of the rostral ventrolateral medulla (RVLM) by looping arteries (eg, the posterior inferior cerebellar artery) and hypertension.
The RVLM is a major cardiovascular control center in regulating the level of arterial blood pressure. Sympathetic vasomotor nerves originating from the lower brain stem are critical components for the feed-forward cardiovascular responses to acute alerting stimuli and have been implicated in the development of chronic hypertension. 4 It has been shown that in patients with essential hypertension with NVC, sympathetic vasoconstrictor discharge to skeletal muscle is markedly higher as compared to those with hypertension without NVC. 5 These data raise the hypothesis that pulsatile compression of the RVLM may induce a sustained stimulation of the central sympathetic vasomotor or cardiac activity causing a secondary form of neurogenic hypertension.
In a limited collective of patients with severe hypertension for years and NVC who underwent microvascular decompression (MVD) of the RVLM, blood pressure levels had improved postoperatively in a subgroup of patients. 6, 7 However, the underlying mechanism and functional relevance of the looping artery at the left lower brain stem are not definitely known. Therefore, it is critical to assess whether the morphological finding NVC produces a form of hyper-tension mediated by the central nervous system. Therapeutic implications could be the preferred use of central sympatholytic agents or, in selected cases, MVD as a possible successful therapeutic alternative in intractable hypertension with NVC.
The aim of the present prospective study was to investigate the sympathetic outflow to the cardiovascular effector organs in patients with hypertension with NVC and the effect of MVD on blood pressure and sympathetic nerve activity even in the long-term postoperative course. We analyzed direct microneurographic measurements of intraneural vasoconstrictor sympathetic activity to muscle vessels in patients with severe essential hypertension and MRI-proven NVC preoperatively and postoperatively after MVD. We assessed the initial effects of MVD on blood pressure levels and on sympathetic activity to muscle vessels, as well as the longterm effect for 2 years after surgery.
Materials and Methods

Subjects
From 1992 to 2004, 14 patients with severe essential hypertension using Ն3 antihypertensive drugs without adequate blood pressure control, intolerable side effects, or both and a history of hypertension for 5 to 35 years were recruited at the Medical Department IV, University Erlangen-Nuremberg, Germany. All patients had at least 1 life-threatening hypertensive crisis. Secondary forms of hypertension (renal artery stenosis, endocrine abnormalities) were ruled out according to an extensive protocol. End-organ damage (left ventricular hypertrophy, proteinuria, hypertensive retinopathy, arteriosclerosis of the peripheral arteries) was assessed. Neurovascular compression at the root entry zone of cranial nerves IX and X was identified by axial and coronal double-echo (T2) and MRA sequences by 2 independent neuroradiologists. The study was approved by the Ethics Committee of the University of ErlangenNuremberg, and informed written consent has been obtained. Microvascular decompression was taken into consideration if blood pressure control was not achieved by far despite intensive antihypertensive management by experienced physicians according to the guidelines of the European Society of Hypertension. Microvascular decompression was performed at the Neurosurgery Department Erlangen according to the technique of Jannetta. 8, 9 After a left lateral suboccipital craniectomy with the patient in a semi-sitting position, the site of the neurovascular compression at the ventrolateral medulla and the root entry zone of the cranial nerves IX and X was unveiled, and a Teflon felt was interposed between the brain stem surface and the looping artery. The protocol included physical examination, monitoring of casual and ambulatory blood pressure readings, blood chemistry, electrocardiography, and microneurography preoperatively and 1 month and every 6 months postoperatively. Type and dosage of antihypertensive medication were recorded at every visit. During the whole study period, the surgical team was the same. All patients were seen regularly and treated in the outpatient clinic of the Medical Department 4 of the University of Erlangen-Nuremberg; the diagnostic and therapeutic approach for hypertension was provided by a medical team working according to a detailed and settled preoperative and postoperative protocol to ensure that continuity of patient selection, enrollment, and medical practice were provided over the whole time period.
Measurements
Twenty-four hour ambulatory blood pressure measurements were obtained by use of an automated portable device (Spacelabs Medical). The measurements were performed automatically every 15 minutes during the day and every 30 minutes during the night, yielding the 24-hour pressure profile. In the laboratory, systolic, diastolic, and mean arterial pressure were achieved noninvasively, beat to beat, by a photoplethysmographic finger device (Finapres, Ohmeda).
Multiunit recordings of postganglionic sympathetic nerve activity were measured by unipolar tungsten microelectrodes inserted selectively into muscle-nerve fascicles of the peroneal nerve posterior to the fibular head by the technique of microneurography of Vallbo et al. 10, 11 This technique has been validated and provides data of the direct, intraneural vasoconstrictor sympathetic activity. The recording of sympathetic nerve activity was accepted when the neurogram revealed spontaneous, pulse-synchronous bursts of neural activity, with the largest bursts showing a minimal signal-to-noise ratio of 3:1. In each single study, we ascertained that sympathetic outflow to skeletal muscle rather than sympathetic discharge to skin was recorded by demonstrating that the neural activity did not change in response to arousal stimuli but showed a characteristic biphasic response to Valsalva maneuver. 12 For analysis, sympathetic bursts were identified by inspection of the filtered neurograms. The rate of sympathetic discharge was expressed as the number of bursts per minute (burst frequency). All nerve recordings were analyzed by 2 independent investigators who were unaware of the study protocol. The intraobserver and interobserver variability in identifying bursts were Ϸ5% and 7%, respectively. The recordings of sympathetic activity to muscle vessels were performed between 1:00 PM and 4:00 PM with the patient supine in a calm room with a temperature of 23°C to 25°C.
Statistical Analysis
All results are presented as meansϮSD. Paired t tests (2-tailed) were used for the statistical comparisons of study parameters before and after microvascular decompression. All data were analyzed by using the SPSS/version 14.0 of the statistics package for social sciences. 13 Statistical significance was indicated by PϽ0.05.
Results
Patient characteristics are shown in the decompression, systolic and diastolic blood pressure levels increased and reached 24 months after surgery the levels at the preoperative state (Figure 1 ). At this point, amount and dosage of the antihypertensive drugs were less than those used preoperatively. Number and classes of antihypertensive medication preoperatively as well as 12 and 24 months after surgery are shown in the Table. Sympathetic nerve discharge was preoperatively high (30Ϯ12 bursts/min) and decreased significantly 1 month after successful decompression (19Ϯ9 bursts/min; PϽ0.05), as well as 3 months postoperatively (19Ϯ5 bursts/min; PϽ0.05), 6 months (19Ϯ6 bursts/min; PϽ0.05), and 12 months postoperatively (22Ϯ4 bursts/min; PϽ0.05). Yet 24 months after MVD, burst frequency increased to 24Ϯ2 bursts/min. Results for the course of sympathetic activity to muscle vessels are given in Figure 2 . Figure 3 shows a representative single study of a hypertensive male with NVC before and after microvascular decompression. Preoperatively, sympathetic burst frequency was elevated (42 bursts/min). Three months after surgery the sympathetic discharge was decreased (12 bursts/min). Two years after microvascular operation, microneurography revealed an increase of the central sympathetic nerve activity again (21 bursts/min).
Discussion
We found in our prospective study that in a subgroup of patients with severe refractory arterial hypertension, history of hypertensive crises and neurovascular contact at the left ventrolateral medulla oblongata, systolic and diastolic blood pressure decreased after microvascular decompression, and the need for antihypertensive medication was reduced. In parallel, central sympathetic nerve activity was elevated preoperatively and was reduced significantly by surgical treatment. However, these effects were limited in time; for 18 months after MVD, sympathetic vasoconstrictor activity increased again and achieved the high baseline level before surgery. These nerval effects were accompanied by a renewed increase in systolic and diastolic blood pressure 24 months postoperatively as well. These data give evidence for an association between neurovascular contact at the circulatory centers of the ventrolateral medulla oblongata and an increase of blood pressure. The elevated central sympathetic nerve activity appears as a link for the neurogenic pathomechanism in this specific subgroup of refractory hypertension mediating an increase of blood pressure by the elevated vasoconstrictor activity.
The rostral ventrolateral medulla regulates tonic sympathetic activity and plays a critical role in baroreflex arcs. Current knowledge indicates that nerval blood pressure regulation is determined by the balance of powerful tonic excitatory and inhibitory inputs. 14 Course of systolic and diastolic arterial blood pressure (mm Hg; 24-hour readings) and heart rate (min Ϫ1 ) preoperatively and postoperatively after microvascular decompression. *Statistical significance (PϽ0.05) for both systolic and diastolic blood pressure (ns indicates not significant).
nerve activity in patients with essential hypertension with NVC is significantly higher as compared to that in patients with hypertension without NVC. 5, 15 It has been shown in a group of patients with a monogenic syndrome of hypertension, brachydactyly, and neurovascular compression that the ability of the baroreflex to buffer changes in vascular tone is severely impaired in these subjects. 16 A microanatomic correlate for these results is given by the finding that the RVLM contains a high number of sympathoexcitatory bulbospinal neurons that increase the pressor effect on sympathetic effector organs. 17 This hypothesis requires a close contact between the pulsatile artery and the RVLM. In our prospective study, blood pressure and sympathetic nerve activity were reduced by surgical intervention with microvascular decompression over a time period of 24 months postoperatively. These data underline the role of sympathetic overactivity caused by a looping artery impinging on the surface of the RVLM and activating sympathoexcitatory neurons by pulsatile compression in this selected subgroup of patients. However, the improvement of blood pressure was only transient and the reasons for the repeated increase of sympathetic nerve activity 18 months after surgery are not clear. Differences in the applied neurosurgical technique among the operated patients is probably not a relevant cause because this procedure always was performed by the same experienced neurosurgeons. Furthermore, MRIs of the brain stem were performed postoperatively to confirm the surgical success and correct position of the Teflon felt in cases of increasing blood pressure. The rebound of hypertension may be attributable to the fact that our selected patients had a long history of severe high blood pressure with secondary endorgan damage. At this stage of "fixed" hypertension, recovery of adequate blood pressure control is rendered more difficult because of a progressively disturbed interplay of regulatory and counterregulatory neurohumoral and neural mechanisms. It can be considered that the reduction of sympathetic nerve activity by surgical decompression may elicit an increased cardiovascular adrenergic responsiveness, as has been shown for pharmacological sympathetic neuron blockade. 18 Other components of the pathogenesis of essential hypertension such as genetic factors, overweight, neurohumoral function, vasopressor-receptor resetting, and stress, which may all interact together and with the sympathetic nervous system, have to be considered as reasons for the repeated increase of blood pressure.
Our findings may suggest a positive feedback control of sympathetic activity in neurogenic hypertension with enhancing sympathetic outflow by an increased pulsatile compression caused by elevated blood pressure. The data conform with the understanding that central sympathetic nerve activity is important not only for the beat-to-beat regulation of blood pressure but also for the long-term circulatory control and sustained changes in sympathetic vasomotor activity by chronic stimulation that result in chronic hypertension. 4 Our work is a hint for the concept that neurovascular compression of the RVLM causes neurogenic hypertension mediated by a central sympathetic overactivity and that microvascular decompression reduces central sympathetic outflow that is accompanied by a reduction of blood pressure. Yet the results have to be interpreted cautiously because the operative effect is limited and neither blood pressure improvement nor sympathetic deactivation is sustained effectively for the long-term. Reliable criteria for accurate and reproducible imaging techniques to visualize compression are not established. It is necessary to create algorithms for the comprehensive characterization and identification of the subgroup of patients who may respond to decompression. Until then, MVD is not recommended as a procedure for the cure of hypertension and should be performed only in prospective study protocols.
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